The use of fish-derived cell lines for investigation of environmental contaminants: an update following OECD’s fish toxicity testing framework No. 171. by VR, Dayeh et al.
UNIT 1.5The Use of Fish-Derived Cell Lines for
Investigation of Environmental
Contaminants: An Update Following
OECD’s Fish Toxicity Testing Framework
No. 171
Vivian R. Dayeh,1 Niels C. Bols,1 Katrin Tanneberger,2 Kristin Schirmer,2 and
Lucy E. J. Lee3
1Department of Biology, University of Waterloo, Waterloo, Ontario, Canada
2Department of Environmental Toxicology, Eawag: Swiss Federal Institute of Aquatic
Science and Technology, Du¨bendorf, Switzerland
3Department of Biology, University of the Fraser Valley, Abbotsford, British Columbia,
Canada
ABSTRACT
Protocols for evaluating chemical toxicity at the cellular level using fish cell lines are
described in this unit. Routine methodologies for growing salmonid cell lines, and using
them in aquatic toxicology studies that support the mandate of the Organization for
Economic Co-operation and Development (OECD) to reduce the use of whole animals
in toxicity testing, are presented. Rapid, simple, cost-effective tests evaluating viability
of cells with three indicator dyes per sample provides a broad overview of the sensitivity
of cells to chemical contaminants. This fluorometric assay involves: (1) alamar blue
for metabolic activity, (2) CFDA-AM for membrane integrity, and (3) neutral red for
lysosomal function. These protocols are conveniently performed in semi-unison within
the same multiwell plates and read at three different wavelengths. Detailed step-by-step
descriptions of the assays, parameters to consider, troubleshooting, and guidelines for
data interpretation are provided as essential tools for investigating environmental aquatic
contaminants at the cellular level. Curr. Protoc. Toxicol. 56:1.5.1-1.5.20. C© 2013 by John
Wiley & Sons, Inc.
Keywords: fish cell lines  in vitro toxicity  fluorescent indicator dyes 
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INTRODUCTION
In light of a new “Fish Testing Framework” recently released by the Organization for
Economic Co-operation and Development (OECD), and alternative bioassay tests being
advocated to reduce whole animal testing in fish toxicity assays (OECD, 2012), this unit
describes protocols for growing salmonid cell lines and using them in in vitro toxicology
studies. Cell viability of cultures is assessed with three indicator dyes: alamar blue for
metabolic activity, CFDA-AM for membrane integrity, and neutral red for lysosomal
activity. These protocols are essential tools for investigating environmental toxicity at
the cellular level.
Fish-derived cell lines are being used for at least three basic purposes in the investigation
of environmental contaminants. One is in ascertaining the mechanisms by which con-
taminants exert their toxicity; a second is in determining the relative toxicity of different
chemical contaminants; and a third application is in evaluating the toxicity of environ-
mental samples. These three goals are interrelated, as toxic mechanisms give insight into
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the basis of toxicity rankings and allow the risk of untested compounds and of envi-
ronmental samples to be estimated. The endpoints that are used in these studies can be
specific or general. A specific response evaluates a particular function, which might be
expressed by only certain fish-derived cell lines and is caused by just some classes of
chemical contaminants. General responses assess fundamental cellular activities, which
would be expressed by all fish cell lines and affected by a wide range of contaminants.
In this unit, three assays for assessing a change in cell viability, a general response, are
described. Each assay is done on cells in microwell cultures and uses a different fluores-
cent indicator dye, but the results are quantified in arbitrary fluorescent units (FU) with a
common instrument—a fluorescent plate reader (O’Connor et al., 1991; Schirmer et al.,
1997). Cell viability is compared in toxicant-treated cultures by expressing their FU as a
percentage of the FU for control cultures. The use of these assays is illustrated with some
members of an important class of environmental contaminants, the polycyclic aromatic
hydrocarbons (PAHs), which can act as toxicants and as phototoxicants (Schirmer et al.,
1998a,b).
This unit describes a protocol on how to culture fish cell lines, which provide a continuous
supply of cells. These cells are used to initiate microwell cultures for direct or indirect
exposure to environmental toxicants in the dark and in the presence of UV radiation,
and cell viability is assessed using the fluorescent indicator dye alamar blue (see Basic
Protocol). Cell viability is also assessed using other fluorescent indicator dyes, such as
CFDA-AM to assess membrane integrity (see Alternate Protocol 1) and neutral red to
assess lysosomal activity (see Alternate Protocol 2).
BASIC
PROTOCOL
EVALUATION OF TOXICITY IN FISH-DERIVED CELL LINES USING
ALAMAR BLUE TO ASSESS METABOLIC ACTIVITY
This protocol describes the routine maintenance of salmonid cell lines, although very
similar procedures could likely be used for cell lines from other groups of fish. Approx-
imately 45 different fish cell lines are available in total from the American Type Culture
Collection (ATCC) and the European Collection of Animal Cell Cultures (ECACC),
although many more have been described in the literature. A comprehensive list of fish
cell lines available from ATCC is provided in Lee et al. (2009), while the ECACC holds
approximately 25 fish cell lines, less than half of which are unique to ECACC. The
rainbow trout gill cell line, RTgill-W1, which is available from ATCC as CRL-2523, is
used as an example in this protocol for growing fish cells.
This protocol outlines the steps for setting up confluent monolayers of cultures of fish-
derived cell lines in 24-, 48-, or 96-well microwell plates (6-, and 12-well plates are also
available and can be used), which will then be exposed to toxicants in the presence or
absence of UV irradiation. This allows the detection of directly cytotoxic compounds,
or those that need the presence of UV irradiation to become toxic, in which case the
compound is called photocytotoxic (Schirmer et al., 1998a,b). Upon termination of the
experiment, cell viability as measured by metabolic activity is assessed by using the flu-
orescent indicator dye alamar blue, which may also be analyzed spectrophotometrically
(O’Brien et al., 2000). Other fluorescent dyes are used to assess membrane integrity
(CDFA-AM; see Alternate Protocol 1) and lysosomal activity (neutral red; see Alternate
Protocol 2).
Alamar blue is a commercial preparation of the dye resazurin (O’Brien et al., 2000) and is
increasingly being used in pharmacology to screen for compounds toxic to mammalian
cells (Evans et al., 2001). Resazurin, which is not fluorescent, becomes fluorescent
resorufin upon reduction by oxidoreductases of living cells.
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Materials
70% ethanol solution
Confluent culture of RTgill-W1 cells (ATCC #CRL-2523) in a 75-cm2 flask
0.53 mM versene (EDTA; Invitrogen/Life Technologies) diluted 1:5000 (1× 0.2 g
tetrasodium EDTA/liter in PBS)
Trypsin solution (see recipe) or 0.25% trypsin solution in PBS without Ca2+,
Mg2+, or phenol red (Biowest, Biochrom, or Invitrogen/Life Technologies) or
TrypLE (Invitrogen/Life Technologies; see notes below)
Leibovitz’s (L-15) complete medium containing FBS (see recipe)
Test compounds (toxicants), stock solutions
DMSO
L-15/ex solution (see recipe)
Alamar blue (Immunocorp, Invitrogen/Life Technologies)
Laminar flow hood, either horizontal or vertical
Inverted phase-contrast microscope
Vacuum aspirator
15-ml or 50-ml centrifuge tubes, sterile
24-, 48- or 96-well tissue-culture treated microwell plate
75-cm2 tissue culture flask
Incubator (see Critical Parameters and Troubleshooting)
Catch basin (a plastic container at least slightly larger than the size of the microwell
plate)
Positive-displacement digital microdispenser (e.g., Nichiryo model 800) or
adjustable-volume micropipet (e.g., Eppendorf Reference 0.1 to 2.5 μl)
Glass pipet tips for digital microdispenser (Nichiryo) or plastic micropipet tips
(e.g., Eppendorf)
Multichannel pipettor (e.g., Eppendorf Research plus, 100 to 1000 μl, or 30 to
300 μl)
Parafilm
Cover foil (non-breathable; Nunc)
Radiation exposure chamber containing UV-A and/or UV-B fluorescent lamps
(Southern New England Ultraviolet) and a fan
Spectroradiometer (e.g., InstaSpec II photodiode array spectroradiometer, Oriel)
Transformer to modulate UV intensity
Fluorometric microwell plate reader
Additional reagents and equipment for counting cells (APPENDIX 3B)
NOTE: All solutions and equipment coming into contact with cells must be sterile, and
aseptic technique should be used accordingly. Work >6-in. from the front of the vertical
laminar flow hood, as the sterile zone begins there.
NOTE: EDTA and trypsin steps can be replaced with TrypLE, a recombinant form of
trypsin available from Invitrogen that works without the EDTA rinse step and which is a
much gentler dissociating solution.
Prepare fish-derived cell cultures
1. Adjust all solutions (medium, versene, trypsin) to 18◦ to 22◦C or to room temperature
for approximately 1 hr before use.
2. Turn on the laminar flow hood, and wipe all surfaces with 70% ethanol solution.
3. Examine the confluent culture of RTgill-W1 cell flask under an inverted phase-
contrast microscope.
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Note the general appearance of the culture, checking for inadvertent microbial contam-
ination or unexpected rounding and detachment of the fish-derived cells. Cultures to
be passaged should appear normal and confluent (i.e., covering the bottom of the flask
completely) or close to confluence (90%).
4. Under the laminar flow hood, aspirate the old medium and add 1.5 ml of 0.53 mM
versene to the flask. Swirl it around gently, leave for 1 min, and aspirate it off. Repeat
rinse with 1 ml of versene and remove.
This step can be omitted if, rather than using trypsin solution as indicated in step 5 below,
TrypLE (Invitrogen) solution is added directly onto the cells.
5. Add 1 ml trypsin solution to the flask, replace the cap, and observe under the inverted
phase-contrast microscope. Do not leave the cells in trypsin for >5 min, as cellular
digestion and cell death may ensue.
The cells will begin to detach from the culture surface in ∼1 to 3 min. Older cultures that
have not been passaged for a long period of time are difficult to detach. Ideally, the cells
will detach individually, and form a single-cell suspension.
6. Add 3 ml Leibovitz’s complete medium containing FBS to the flask. Pipet the
medium up and down, directing the stream towards the bottom of the flask, to make
sure that all cells are dislodged and resuspended in the medium.
Trypsin inhibitors in FBS stop the action of the trypsin.
7. Transfer the cell suspension to a sterile 15-ml centrifuge tube and centrifuge 3 min
at 200 × g, room temperature, in a tabletop centrifuge.
8. Aspirate the supernatant from the 15-ml centrifuge tube, being careful not to aspirate
the cell pellet. Leave a small amount of supernatant (0.25 ml) over the cell pellet.
Flick the centrifuge tube to resuspend the cells in the small volume of medium.
Plate cells to maintain cell line
9a. Add 10 ml fresh Leibovitz’s complete medium containing FBS to the centrifuge
tube and transfer 5 ml to each of two 75-cm2 tissue culture flasks. Add 5 ml medium
to each flask and close flasks tightly.
10a. Examine flasks using a phase-contrast microscope. Note whether cells have de-
tached as single cells or as clumps and whether the suspension has been distributed
equally between the two flasks.
11a. Allow the cells to grow at 18◦ to 22◦C. When the cultures are confluent (7 to
10 days), split 1:3 or harvest to use for an experiment.
Plate cells in microwell plates for toxicant exposure
9b. Add 5 ml Leibovitz’s complete medium containing FBS. Determine the cell density
using a hemacytometer (APPENDIX 3B). Using fresh medium, adjust cell density to
1.5 × 105 cells/ml if using 24-, 48- or 96-well plates.
The cell number counted should optimally be between 50 and 100. To assure a reasonable
density, the cell pellet needs to be resuspended in 5 ml or more of complete medium. If
more than one flask is used, increase the volume to add accordingly.
10b. If using a 24-well tissue culture microwell plate, add 1.5 × 105 RTgill-W1 cells in
1000 μl of Leibovitz’s complete medium to 22 wells. Use the remaining two wells
as blanks by adding Leibovitz’s complete medium alone. If using a 48-well tissue-
culture microwell plate, add 500 μl of the respective cell suspension (contains 7.5 ×
104 RTgill-W1 cells in 500 μl of Leibovitz’s complete medium) to 45 wells of a
48-well tissue-culture microwell plate. Use the remaining three wells as blanks
by adding Leibovitz’s complete medium alone. If using a 96-well tissue-culture
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microwell plate, add 3 × 104 RTgill-W1 cells in 200 μl of Leibovitz’s complete
medium to 84 wells of a 96-well tissue culture plate. Use the remaining twelve
wells as blanks by adding Leibovitz’s complete medium alone.
11b. Allow the cells to grow for 3 to 4 days in the dark at 18◦ to 22◦C to form a confluent
cell monolayer for the 24- and 48-well plates and for 2 to 3 days for the 96-well
plates.
Growing cells over a 2- to 4-day period allows for a more consistent cell density and
better adherence of cells than newly initiated, dense cultures.
Expose fish-derived cell lines to putative toxicants
12. Turn on the laminar flow hood, and wipe all surfaces with 70% ethanol solution.
13. Examine the plated microwell plate under the inverted phase-contrast microscope.
Note the general appearance of the cell culture, making sure that the bottom of the wells
contain confluent monolayers and inadvertent microbial contamination is absent.
14. Make serial dilutions (working solutions) from test compound stock solutions in
carrier solution (e.g., DMSO) or directly in L-15/ex exposure medium at final test
concentrations.
If the carrier solution is an organic solvent, prepare working solutions such that the
concentrations are at least 200 times the final concentrations desired in the culture wells.
Serial dilutions are necessary to ensure that the solvent is diluted sufficiently in the
culture medium in the wells in order to minimize interference due to the solvent with cell
viability and/or toxicant uptake. For more water-soluble compounds, a dilution series can
be prepared directly in exposure medium. However, many organic toxicants, especially
the hydrophobic ones with log Kow > 2 to 3, will require the use of an organic carrier
solvent.
15. Remove growth medium from plates by inverting over a catch basin. Drain plates
further for a few seconds on a small stack of paper towels.
Alternatively, aspirate each well using a Pasteur pipet attached to a vacuum aspirator.
16. Rinse each culture well with 1000 μl L-15/ex solution if using a 24-well plate,
500 μl L-15/ex solution if using a 48-well plate, or 200 μl L-15/ex solution if using
a 96-well plate. Proceed to either step 17a or step 17b.
Alternatively, aspirate each well using a Pasteur pipet attached to a vacuum aspirator.
Adding toxicants via direct dosing (aseptic)
17a. Expose cells to the test compound in a vertical laminar flow hood. Remove rinsing
medium from wells of cell culture plate by inverting over a catch basin. Add
1000 μl L-15/ex solution if using a 24-well plate, 500 μl L-15/ex solution to each
well if using a 48-well plate, or 200 μl L-15/ex solution if using a 96-well plate.
In cases where the chemical solutions were prepared in an organic solvent (such as
DMSO) at 200× the final concentration required, pipet 5 μl/well test compound to
each well containing 1000 μl/well L-15/ex solution using a positive-displacement
digital micropipet, when 24-well plates are used. For 48-well plates, pipet 2.5μl test
compound to each well containing 500 μl/well L-15/ex solution using a positive-
displacement digital micropipet. If using a 96-well plate, pipet 1.0μl test compound
dissolved in DMSO to each well containing 200 μl/well L-15/ex solution.
Because cells in L-15/ex solution are particularly sensitive to DMSO, tilt the plates
before adding the test compound, to increase the volume of medium above the cells as a
protective layer. Dispense the 5 μl, 2.5 μl or 1 μl of test compound above the level of
the medium, and then touch the droplet to the surface of the medium to aid in dispersion.
In addition, reduce the light level in the flow hood to avoid irradiation of cells in the
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= RTgill-W1 cells in complete L-15/ex
   addition of solvent control
= RTgill-W1 cells in L-15/ex
   addition of toxicant
= no cells (L-15/ex only)
Figure 1.5.1 Schematic representation of the 24-, 48-, and 96-well plate configuration. Light-
shaded circles represent wells without cells, white circles represent wells with a confluent mono-
layer of RTgill-W1 exposed to the putative toxicant in L-15/ex, and dark-shaded circles represent
wells with a confluent monolayer of RTgill-W1 exposed to solvent in L-15/ex.
presence of the toxicant. After dosing, gently agitate the plate to assure a homogenous
mixture of exposure medium, solvent, and chemical.
Adding toxicants via indirect dosing (aseptic)
17b. Expose cells to the test compound in a vertical laminar flow hood. Place seven (for
24-well plates), nine (for 48-well plates), or twelve (for 96-well plates) sterile 4-ml
amber glass vials under the laminar flow hood and aseptically add 3.5 ml L-15/ex
into each vial. Afterwards add 17.5μl (when 24-well plates are used), 8.75μl (when
48-well plates are used), or 3.5 μl (when 96-well plates are used) test compound
using a positive-displacement digital micropipet. Close amber glass vials tightly
and shake vigorously for 10 min. Remove rinsing medium from wells of cell culture
plate by inverting over a catch basin. Dose dosing mixture into the respective wells.
Therefore, dispense 1000 μl/well for 24-well plates, 500 μl/well for 48-well plates
or 200 μl/well for 96 well plates.
18b. In a 24-well plate, dose three wells for each of the six concentrations and the
solvent control (to the two blank control wells dose only the highest applied test
concentration). In a 48-well plate, dose five wells (in the three blank control wells
dose only the highest applied test concentration) for each of seven concentrations
of compounds and the DMSO control. In a 96-well plate, dose eight wells (seven
wells with confluent cell monolayers and one without cells to serve as a blank) for
each of eleven concentrations of compounds and the DMSO control (Fig. 1.5.1).
Wrap plates in Parafilm to prevent evaporation during the exposure period.
The use of plate-sealing foils, which are commercially available, e.g., from Nunc or
Greiner, is recommended in order to minimize well-to-well transfer and losses due to
evaporation of more volatile toxicants.
For exposure of fish-derived cells to toxicants in the dark
19a. For exposure in the dark, incubate plates up to 48 hr at 18◦ to 22◦C.
20a. If not specifically desired (see below), avoid exposure of the plates to light.
Although L-15/ex is unlikely to be affected by irradiation, many toxicants may be altered
chemically.
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21a. At the end of the dark exposure, remove plates from the incubator and continue
with the cytotoxicity assay for assessing metabolic activity with the fluorescent dye
alamar blue (proceed to step 24).
For membrane integrity assessment, use CDFA-AM (see Alternate Protocol 1) or for
lysosomal activity assessment, use neutral red (see Alternate Protocol 2).
For exposure of fish-derived cells to toxicants in the presence of irradiation
19b. Turn on the lamps of the radiation exposure chamber at least 15 min prior to use in
order to allow lamps to warm up and emit a stable radiation.
The radiation chamber should contain at least two fixtures to hold lamps, e.g., one UV-A
and one UV-B fluorescent lamp, and it should be shielded from any radiation outside
the chamber. Ideally, lamps should be linked to a transformer in order to allow for easy
manipulation of the radiation output.
20b. Place the appropriate unit of the spectroradiometer into the radiation exposure
chamber in order to perform UV radiation measurements, as described in the user
manual of the spectroradiometer.
Ensure that the appropriate unit of the spectroradiometer is positioned the same distance
from the UV lamps as the culture plate would be. Also, place the lid of the culture plate
on top of the unit to measure the amount of UV irradiation passing through the lid of
the plate.
21b. Using the transformer, adjust UV intensities as desired.
For example, a 10:1 ratio of UV-A to UV-B may be desirable in order to mimic the ratio
of these two UV components in nature. If no transformer is available, radiation intensity
may be adjusted by varying the distance between the exposure tray and the lamps, but
this method is somewhat cumbersome.
22b. Once the radiation exposure chamber has been set up, place tissue culture plates
into the chamber in an atmosphere of air for the required exposure period. Place a
second tissue culture plate into the chamber at the same time but protected from
radiation.
This second plate serves as the dark control.
23b. At the end of the UV exposure, remove plates from the chamber and proceed with
the cytotoxicity assay for assessing metabolic activity using alamar blue, go to
step 24 (for membrane integrity using CDFA-AM, see Alternate Protocol 1; or for
lysosomal activity using neutral red, see Alternate Protocol 2).
Assess metabolic activity using alamar blue
24. Prepare a 5% (v/v) working solution of alamar blue in L-15/ex solution.
Alamar blue is purchased as a ready-to-use solution in quantities of 25 ml and 100 ml.
When stored in the dark at 2◦ to 8◦C and kept aseptically, alamar blue can be used for at
least 1 year.
25. Remove exposure medium from plates by inverting over a catch basin. Drain plates
further for a few seconds on a small stack of paper towels.
26. Add 400 μl (24-well plate), 100 to 150 μl (48-well plate), or 50 to 100 μl (96-well
plate) of 5% alamar blue working solution to each well of the respective plates.
The general rule is to at least cover the growth surface of the wells, although some plate
readers may require slightly larger volumes for accurate readings.
27. Incubate the plates in the dark at 18◦ to 22◦C for 30 min.
Although longer incubation times are also possible, the yield of fluorescent units from
alamar blue can decline if the incubation period is too long (O’Brien et al., 2000).
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28. Measure alamar blue on the fluorometric plate reader at excitation and emission
wavelengths of 530 and 590 nm, respectively.
ALTERNATE
PROTOCOL 1
EVALUATION OF TOXICITY IN FISH-DERIVED CELL LINES USING
CFDA-AM TO ASSESS MEMBRANE INTEGRITY
Although esterase substrates have been used as a measure of cell membrane integrity
since the 1960s (Rotman and Papermaster, 1966), 5-carboxyfluorescein diacetate ace-
toxymethyl ester (CFDA-AM) is an example of one that was developed to improve this
application (Haugland, 1996). CFDA-AM diffuses into cells rapidly and is converted by
nonspecific esterases of living cells from a nonpolar, nonfluorescent dye into a polar,
fluorescent dye, 5-carboxyfluorescein (CF), which diffuses out of cells slowly. In this
protocol, fish cells in microwell cultures are exposed for a period of time to a putative
toxicant, and, after removal of the putative toxicant, CFDA-AM is added and the capacity
of the cells to produce CF is measured.
Additional Materials (also see Basic Protocol)
4 mM 5-carboxyfluorescein diacetate acetoxymethyl ester (CFDA-AM, see recipe)
RTgill-W1 cells in a 24-well, 48-well or 96-well plate exposed to toxicants (see
Basic Protocol, steps 1 to 23)
1. Prepare a working solution of 4 μM CFDA-AM by diluting the 4 mM CFDA-AM
stock solution 1:1000 in L-15/ex solution.
2. Remove exposure medium from RTgill-W1 cells in a 24-well, 48-well, or 96-well
plate exposed to toxicants by inverting over a catch basin. Drain plates further for a
few seconds on a small stack of paper towels.
3. Add 400 μl (24-well plate), 100 to 150 μl (48-well plate), or 50 to 100 μl (96-well
plate) of 4 μM CFDA-AM working solution to each well of the respective plates and
incubate the plate in the dark for 30 to 120 min at 18◦ to 22◦C.
4. Measure CF fluorescence on the fluorometric plate reader at respective excitation
and emission wavelengths of 485 and 530 nm.
Alamar blue (see Basic Protocol, steps 24 to 28) and CFDA-AM can be added together
to perform the two assays in a single step (Schirmer et al., 1997) because the fluorescent
products of the two indicator dyes can be detected at different emission wavelengths
without interfering with each other. The advantage of doing so is the conservation of
material and time, as fluorescent readings are taken on the same culture wells. Thus, in
order to perform the two assays together, add the appropriate amount of alamar blue to
make a 5% (v/v) working solution in L-15/ex solution and then dilute the CFDA-AM stock
solution (4 mM in DMSO) 1:1000 in that same volume of L-15/ex solution. Proceed with
the incubation period as described above in step 3.
Inasmuch as alamar blue and CFDA-AM do not affect the viability of cells, fluorescent
dyes can be removed after fluorescent measurement and replaced by culture medium to
allow the cells to recover for a period of time, or be re-exposed, after which the indicator
dyes can be re-applied.
ALTERNATE
PROTOCOL 2
EVALUATION OF TOXICITY IN FISH-DERIVED CELL LINES USING
NEUTRAL RED TO ASSESS LYSOSOMAL ACTIVITY
Although first used to evaluate cell viability in virology, neutral red (NR) has been utilized
most intensively in in vitro toxicology. The principle is that viable cells accumulate NR (3-
amino-7-dimethylamino-2-methylphenazine hydrochloride) in lysosomes (Borenfreund
and Puerner, 1984). NR can be applied before or after the exposure of cell cultures
to toxicants, so that the measured endpoint represents either the release or uptake of
Toxicological
Models
1.5.9
Current Protocols in Toxicology Supplement 56
the dye (Borenfreund and Puerner, 1984; Reader et al., 1990). Measurements can be
done either spectrophotometrically (Borenfreund and Puerner, 1984) or fluorometrically
(Essig-Marcello and van Buskirk, 1990). In this protocol, the use of NR after the exposure
of fish cells to toxicants and the fluorometric measurement of any subsequent changes in
NR uptake are described.
Additional Materials (also see Basic Protocol)
Neutral red (NR) solution (0.33% w/v in DPBS; Sigma Aldrich, or see recipe for
stock solution in Reagents and Solutions)
RTgill-W1 cells in a 24-well, 48-well or 96-well plate exposed to toxicants (see
Basic Protocol, steps 1 to 23)
Neutral red fixative solution (see recipe)
Neutral red extraction solution (see recipe)
Orbital shaker
1. Prepare NR working solution by adding 180 μl neutral red solution to 11.82 ml
L-15/ex, or prepare a 33 μg/ml neutral red working solution by diluting the neutral
red stock solution 1:100 in L-15/ex solution.
2. Remove exposure medium from RTgill-W1 cells in a 24-well, 48-well or 96-well
plate exposed to toxicants by inverting over a catch basin. Drain plates further for a
few seconds on a small stack of paper towels.
3. Add 400 μl (for 24-well plate), 100 to 150 μl (for 48-well plate), or 50 to 100 μl
(for 96-well plate) of NR working solution to each well of the respective plates and
incubate the plate in the dark for 60 min at 18◦ to 22◦C.
4. Remove the neutral red working solution by inverting over a catch basin and drain a
few seconds on a small stack of paper towels.
It is critical to remove all the neutral red working solution from each well, especially in
a 96-well plate.
5. Rinse wells once with 400 μl/well (24-well plate) 100 μl/well (48- and 96-well plate)
of neutral red fixative solution.
The rinsing step removes any excess neutral red that has not been localized in lysosomes.
6. Add 400 μl/well (for 24-well plate) or 100 μl/well (for 48- or 96-well plate) of
neutral red extraction solution to solubilize the lysosomal neutral red. Place plates
on an orbital shaker and shake at ∼40 rpm for 10 min.
7. Measure neutral red fluorescence on the fluorometric plate reader at excitation and
emission wavelengths of 530 and 645 nm, respectively.
In the interest of conserving material, and for performing cell viability assays on the same
set of cells, the neutral red assay can be performed on the same plate previously used to
assess alamar blue (see Basic Protocol) and/or CFDA-AM fluorescence (see Alternate
Protocol 1). After termination of the alamar blue and CFDA-AM exposures, remove the
dye solution(s) and start by adding neutral red as described above. However, inasmuch as
the neutral red assay will terminate the cell culture because cells will be fixed, a separate
plate needs to be used if the alamar blue/CFDA-AM plates are to be used to study recovery
or repeated exposure (Schirmer et al., 1998a,b).
REAGENTS AND SOLUTIONS
Use Milli-Q-purified water or equivalent in all recipes and protocol steps. For common stock
solutions, see APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.
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CFDA-AM stock solution, 4 mM
Dissolve the 5 mg vial of CFDA-AM (Molecular Probes) in 2.35 ml of sterile
anhydrous DMSO (final concentration 4 mM) in a laminar flow hood. Dispense
into sterile 1.5-ml microcentrifuge tubes in 50-μl aliquots to prevent degradation
from thawing and refreezing. Wrap each microcentrifuge tube in aluminum foil
to prevent light degradation. Store desiccated up to 1 year at –20◦C to avoid ester
hydrolysis due to moisture.
L-15/ex solution
Development of this modified medium is outlined in Schirmer et al. (1997) and is
based on the constituents of basal medium, L-15 (Leibovitz, 1963). Make up all
components from cell culture–grade reagents (Sigma) and prepare in cell-culture
grade, distilled water.
Salt solution A: In 600 ml water, dissolve: 80 g NaCl, 4.0 g KCl, 2.0 g MgSO4, and
2.0 g MgCl2
Salt solution B: In 100 ml water, dissolve: 1.4 g CaCl2
Salt solution C: In 300 ml water, dissolve: 1.9 g Na2HPO4 and 0.6 g KH2PO4
Autoclave each solution separately and store up to 1 year at room temperature
Sodium pyruvate solution: In 100 ml of water, dissolve 5.5 g sodium pyruvate.
Filter sterilize through a 0.2-μm filter, dispense in 5.7-ml aliquots, and store up to
1 year at –20◦C.
Galactose solution: In 100 ml of water, dissolve 9.0 g galactose. Filter sterilize
through a 0.2-μm filter, dispense in 5.7-ml aliquots, and store up to 1 year at –20◦C.
To prepare L-15/ex solution:
To 500 ml of sterile cell culture-grade, distilled water, add aseptically:
34.0 ml salt solution A
5.7 ml salt solution B
17.0 ml salt solution C
5.7 ml sodium pyruvate solution
5.7 ml galactose solution
Store L-15/ex solution up to 1 year at room temperature
L-15/ex can also be commercially purchased as a convenient powder from U.S. Biological,
(cat. no. L1501 http://www.usbio.net/).
Leibovitz’s L-15 complete medium containing FBS
To 500 ml of Leibovitz’s L-15 medium (Sigma), aseptically add 50 ml fetal bovine
serum (FBS; Sigma). The final FBS concentration in culture medium is 8.9%, which
is usually referred to as 10%. Aseptically add 10 ml of 50× penicillin/streptomycin
(final concentrations 100 IU/ml penicillin, 100 μg/ml streptomycin; Sigma). Store
up to 1 year at 4◦C.
Neutral red extraction solution
Prepare 1% (v/v) acetic acid and 50% (v/v) ethanol in deionized, distilled water.
Store for up to 1 year at room temperature in the dark.
Neutral red fixative solution
Prepare 0.5% (v/v) formaldehyde and 1% (w/v) CaCl2 in deionized, distilled water.
Store for up to 1 year at room temperature in the dark.
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Neutral red stock solution
Dissolve 3.3 mg of neutral red powder (Sigma) per ml of Dulbecco’s PBS (DPBS;
Sigma or Invitrogen/Life Technologies) in an amber vial. Store up to 1 year at 4◦C.
Alternatively, neutral red stock solution can be purchased dissolved in DPBS at a concen-
tration of 3.3 mg/ml (Sigma).
Trypsin solution
Dissolve 100 mg trypsin (Sigma) in 10 ml of Ca2+- and Mg2+-free Hank’s balanced
salt solution (Sigma) to make a trypsin stock solution. Dispense 0.5 ml of this
solution into 9.5 ml of Ca2+- and Mg2+-free Hank’s balanced salt solution (e.g.,
Invitrogen/Life Technologies). Store up to 1 year at –20◦C.
The alternative TrypLE (Invitrogen, cat no. 12605-010 or -013, with or without phenol red,
respectively; either may be used) can be kept and used at room temperature, substituting
for trypsin without the need of a chelating agent like EDTA.
COMMENTARY
Background Information
The many in vitro toxicology tests can be
divided into two types: general (basal) cyto-
toxicity tests and tests of differentiated cell
function (Flint, 1990). The general type con-
sists of tests that measure cytotoxic phenom-
ena only, e.g., the inhibition of cell prolifera-
tion. One premise of this approach is that all
toxic phenomena are fundamentally related to
an impairment of some aspect of cellular activ-
ity in vivo. Therefore, toxicity in vivo should
be expected if the test agent is bioavailable
to a target tissue at concentrations that are
observed to impair cell viability in vitro. A
potential weakness of this approach is the ob-
servation that, rather than being a general phe-
nomenon of all tissues, toxicity in vivo is often
limited to a small group of organs and cells
within these organs. Thus, specific toxic ef-
fects might occur at concentrations well be-
low those causing general cytotoxicity. The
second class of in vitro tests attempts to over-
come this weakness by monitoring a cellular
function specific for the differentiated state of
the cultured cell. From a risk-assessment point
of view, the tests for differentiated cell func-
tions are usually more valuable (Flint, 1990).
To date, mostly general cytotoxicity tests have
been used in fish toxicology, and are described
in this unit.
Many general cytotoxicity tests have been
described. They measure impairment of cel-
lular activities by potentially toxic treatments.
However, since their first introduction, assays
of cytotoxicity and/or cell viability have been
criticized as to their meaning and have aroused
debate as to which assay is most appropriate
(Schrek, 1965; Shaw, 1994). Cytotoxicity as-
says that monitor reproductive capacity have
been described as being the most comprehen-
sive because they integrate the soundness of
the entire cellular machinery (Shaw, 1994).
However, proliferation assays are not ideal for
all purposes. They usually reveal little about
the specific cellular events that lead to im-
paired proliferation and can miss subtle, tran-
sitory effects. They give little insight into the
potential short-term impact of an effect on
cells on the integrity of an organ or tissue.
Also, colony formation and proliferation rates
are impractical endpoints with most fish cell
lines, because the cells grow slowly. As an al-
ternative to proliferative endpoints, assays of
cell viability and cell injury can be performed
(Shaw, 1994), such as the ones described here.
Although numerous assays of cell viability
have been developed, those that utilize fluoro-
metric indicator dyes are perhaps best. First,
more and more dyes are becoming commer-
cially available to evaluate distinct cellular
parameters. Second, the development of flu-
orometric multiwell plate readers has made
the use of fluorometric dyes easy and rapid,
such as for the assays in this unit. The micro-
wells conserve material resources by reducing
the number of cells needed and increasing the
number of replicates. The plate readers have
the potential for high interlaboratory repro-
ducibility and can be coupled to robots for
dosing and to computers for managing large
amounts of data quickly and easily.
Critical Parameters and
Troubleshooting
Temperature
The choice of temperature for growth, ex-
posure, and assay of fish cell cultures is flexible
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and can be dictated by practical considerations
or by scientific objectives. This is because fish
cells can be grown over a wide temperature
range, e.g., from 5◦ to 25◦C for salmonid cells
(Bols et al., 1992). The medium used in this
unit is based on Leibovitz’s L-15, which does
not need a 5% CO2 atmosphere in order for
the pH to be buffered (Leibovitz, 1963). As
a result, the “incubator” for fish cell cultures
in CO2-independent media, such as L-15, can
be a desk drawer at room temperature, or a
temperature-regulated chamber, such as a con-
ventional incubator or a refrigerator. For all
the protocols that are described in this unit
with salmonid cells, temperatures from 18◦ to
22◦C give consistent results, and fluctuations
within this range have little or no effect on the
outcome.
Toxicant preparation
The acts of dissolving compounds and of
adding them to cell cultures can be the source
of several problems. Unfortunately, these are
difficulties that cannot really be solved, but
are important to consider when interpreting
results. The problems are most severe for hy-
drophobic environmental contaminants, such
as the PAHs. Several alternative strategies for
toxicant delivery have to be considered. One is
whether or not to use carrier solutions to dis-
solve the compounds. The second is whether
or not to completely remove the medium that
was used to initiate the cell cultures from the
microwells and replace it with an equivalent
volume of toxicant solution. For compounds
that are going to be presented without the use
of a carrier, there is usually no choice—the
original medium has to be replaced with the
toxicant solution. Except for extremely water-
soluble compounds, the highest doses in dose-
response curves cannot be achieved by adding
small aliquots of a concentrated solution. By
contrast, high concentrations of hydrophobic
compounds can be achieved in carrier so-
lutions, allowing them to be added to cul-
tures in small aliquots. Potential problems with
carriers, exposure media, and presentation
strategies for toxicants are further discussed
below.
Carriers such as dimethylsulfoxide
(DMSO) have nearly always been used to
dissolve environmental contaminants for
toxicity testing, but they potentially can in-
fluence the results. For example, fluoranthene
that was dissolved in L-15/ex solution with
DMSO was slightly more photocytotoxic to
RTgill-W1 cells than fluoranthene dissolved
in L-15/ex solution without DMSO (Schirmer
et al., 1997). Differences can also be found
between carriers. DDT in DMSO was more
cytotoxic to tilapia brain cells than DDT
in acetone (Parkinson and Agius, 1987).
Ibuprofen in DMSO but not in ethanol was
cytotoxic to RTL-W1, and the cells were more
sensitive to ibuprofen when the final DMSO
concentration was 0.5% rather than 0.05%
(Schnell et al., 2009). The induction of 7-
ethoxyresorufin o-deethylase (EROD) activity
in RTL-W1 cells was better after exposure to
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
in DMSO than in isooctane (Clemons et al.,
1994). Also, the carrier can influence the
induction potency of some compounds (Yu
et al., 1997).
Exposure medium
The medium in which cells are incubated
during exposure to environmental contami-
nants is another variable that can influence
results. An extremely simple one is used in
this unit, which contains salts, galactose, and
pyruvate at specified concentrations in the
basal medium, Leibovitz’s L-15 (Leibovitz,
1963), which is termed L-15 exposure or
L-15/ex (Schirmer et al., 1997). Commer-
cially available L-15/ex in powder form (U.S.
Biological) has previously been used to eval-
uate the toxicity testing capabilities of RTgill-
W1 in biochips (Brennan et al., 2012). L-15/ex
has several advantages. For photocytotoxicity
studies, the absence of vitamins and aromatic
amino acids prevents the inadvertent genera-
tion of toxicants from these compounds during
the UV treatment. L-15/ex is also advanta-
geous for detecting toxicants that cause cy-
totoxicity through the generation of reactive
oxygen species (ROS). This is because ex-
pression of their toxicity should be aided by
the absence in L-15/ex of most antioxidants.
The one exception might be the presence of
pyruvate. For mammalian cells, pyruvate is
part of an antioxidant defense (O’Donnell-
Tormey et al., 1987). A limitation of L-15/ex
is that exposure times are restricted to several
days, as nutrient deprivation will ultimately
cause cell death. The short exposure times
mean that toxicants acting by inducing par-
ticular cellular processes, such as xenobiotic
metabolism and causing accumulative dam-
age, might be missed. Yet, RTgill-W1 cells
survive in L-15/ex for at least 100 hr (Schirmer
et al., 1997). Although addition of fetal bovine
serum (FBS) to the medium extends the life of
cell cultures, the antioxidants of FBS prevent
the detection of fluoranthene photocytotoxic-
ity (Schirmer et al., 1997). Also, FBS can alter
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the bioavailability of toxicants (Schirmer et al.,
1997; Hestermann et al., 2000).
Dosing strategies
Chemicals can be in applied in several ways
to the cells. The two most commonly used dos-
ing strategies are indirect and direct dosing.
For indirect dosing, the medium that was used
to initiate the cell cultures needs to be removed
completely from the microwells and an equiva-
lent volume of solution with the toxicant under
study added. Both steps present difficulties.
The medium-removal step has two problems.
First, removal must be done quickly without
damaging cells, which can be done by aspirat-
ing off the medium. But, this sometimes causes
cell death. Death usually appears within min-
utes of aspiration and occurs in large patches
over the culture surface. Routinely examining
cultures with an inverted phase-contrast mi-
croscope shortly after aspiration easily iden-
tifies this problem. Alternatively, the medium
can be removed by inverting the plate over a
catch basin and blotting with a paper towel.
This medium removal-technique has negligi-
ble contamination issues if done carefully in a
laminar flow hood for exposures of short dura-
tion (as described in this unit). This is the rec-
ommended medium-removal technique, be-
cause the cells are not subjected to the same
force as aspiration may involve. Second, com-
plete removal of the initiating medium over
the cell cultures has the potential to change the
physiology of cell cultures. An example of this
is the rapid induction of 7-ethoxyresorufin o-
deethylase (EROD) activity upon the removal
of medium from cultures of the rainbow trout
liver cell line RTL-W1 (Segner et al., 2000).
Replacing the medium with toxicant solution
is problematic for hydrophobic compounds.
A concentrated solution of toxicant in a car-
rier such as DMSO must be serially diluted
in an aqueous solution to prepare concentra-
tions for dose-response curves. Hydrophobic
compounds have a tendency to stick to the
walls of containers and pipets used to prepare
these solutions. For volatile compounds, the
number of pipetting steps increase the risk of
evaporation of the test compounds. Thus, the
final toxicant concentrations that the cultures
receive can be lower than the concentrations
apparently added. This problem can be solved
by measuring the concentrations through ana-
lytical methods, as recently demonstrated for
exposures in 24-well plates (Tanneberger et al.,
2010, 2013), although these techniques may
not be readily available to a cell culture lab-
oratory. However, for some compounds, con-
centrations in the culture wells may change
so quickly that accounting for available tox-
icant concentrations may also be difficult by
analytical means alone. Potential alternatives
in these cases are passive dosing systems
(Kramer et al., 2010; Smith et al., 2010).
The second presentation strategy, direct
dosing, uses micropipets to add small volumes
(≤10 μl) of the toxicant in carrier solvent to
the medium over the cells in microwells. Dos-
ing in this manner must be done very care-
fully with carriers such as DMSO. The small
volume of DMSO sometimes falls as a blob
directly onto the cells, immediately killing
them. Again, examining cultures with an in-
verted phase-contrast microscope easily iden-
tifies this problem (Schnell et al., 2009). As
mentioned, the difficulty can be avoided by
keeping the pipet tip close to the medium sur-
face and allowing the surface tension to dis-
perse the DMSO rapidly and evenly through
the culture. This second presentation strat-
egy has at least two advantages. Changing the
medium is avoided, which also prevents any
possible changes in the cells caused by this act.
Final culture concentrations are closer to the
apparent toxicant concentration that is added.
In extreme cases, a compound might appear
to be toxic with this dosing method, but not
by the method of preparing the toxicant in
exposure medium and using this solution to
replace the growth medium of cell cultures.
Schnell et al. (2009) dissolved ibuprofen in
DMSO and found a 20-fold higher toxicity
when dosed directly instead of indirectly. A
similar observation was made by Tanneberger
et al. (2010), whereby the toxicity of 1,2-
dichlorobenzene was 10-fold higher when the
DMSO stock solutions was applied directly
onto the cells. However, this phenomenon
could only be observed when DMSO was used
as solvent, and seems to appear only when hy-
drophobic and/or volatile compounds are used.
When 1,2-dichlorobenzene was dissolved in
methanol, the cytotoxicity triggered by both
dosing methods was indistinguishable (Tan-
neberger et al., 2010). If the results of the two
different dosing strategies are profoundly dif-
ferent, they should be reported as such, as this
will aid others in replicating the results in any
future studies and will stress the subtlety of the
cytotoxicant’s actions.
UV irradiation
For the concurrent exposure of cultures to
environmental contaminants and UV light, ra-
diation exposures can be expressed in differ-
ent ways, sometimes causing confusion. The
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most important distinction is between energy
units, which refer to the wave-like charac-
ter of radiation, and quantum units, which
reflect the corpuscular character. The con-
version from energy content to photon con-
tent is defined by Planck’s equation. Fluence
rates are used to refer to the quantity of ra-
diation per area per time. Thus, Wm–2 and
Jm–2 sec–1 are expressions of energy fluence
rates, whereas mol(photons)m–2sec–1 is an ex-
pression of photon fluence rates. In contrast
to the fluence rates, the total amount of radi-
ation received by the cells can be expressed
as fluence, that is quantity per area. Thus,
the energy fluence (Jm–2 = Wm–2sec), or the
photon fluence (mol(photons)m–2) can be calcu-
lated by multiplying the fluence rate by the
time of irradiation (in seconds). For example,
a photon fluence rate of UV-B at 313 nm of
1.4 μmol(m–2)sec–1, which has been shown to
be environmentally relevant (Oris and Giesy,
1987), is equivalent to an energy fluence
rate at that wavelength of 53 μWcm–2(or
53 μJcm–2sec–1). If irradiation is performed
for 2 hr, the energy fluence that the cells are
exposed to is 0.4 Wcm–2sec (or 0.4 Jcm–2).
Inasmuch as UV radiation exposure de-
creases with increasing distance from the UV
source, it is important to measure UV radia-
tion at the position at which culture plates will
be placed. In order to account for absorption
of UV radiation by culture plate lids, place a
lid between the UV source and the radiation
measurement device. The irradiation of cells
in the presence of tissue culture plate lids is
highly recommended for two reasons. First,
the lids ensure sterility during the illumination
process. Second, the plate lids absorb any ra-
diation below a wavelength of 290 nm, a filter-
ing process which, under natural conditions, is
carried out by stratospheric ozone (Schirmer
et al., 1997).
While measurements of UV irradiance
should be done frequently to ensure that UV
intensities of the fluorescent lamps are as re-
quired, initial measurements should confirm
that the culture medium covering the cells does
not detrimentally affect UV penetration. To
study this, a lid-covered tissue culture plate
with and without culture medium should be
placed between the UV source and the spec-
troradiometer, and the values compared. If
measurements are the same, it can be con-
cluded that the culture medium used has no
discernible effect on UV penetration. In con-
trast, lower UV intensities measured in the
presence of culture medium indicate that cells
obtain less UV radiation than anticipated. For
example, the authors found that UV intensities
were not significantly affected upon passage
through a 4.7 mm path of L-15/ex medium,
which equals 500 μl L-15/ex medium in a 48-
well tissue culture plate. In contrast, the same
passage of UV in the presence of 10% FBS led
to a reduction of UV readings of 27% for UV-
B and 9% for UV-A (Schirmer et al., 1997).
Another factor to consider is temperature. In
the presence of a small fan and a distance of
the tissue culture plates from the UV lamps of
at least 15 cm, the authors did not find tem-
perature to rise in the tissue culture medium
within 2 hr of UV irradiation at a photon flu-
ence rate of 10 μmol m–2 sec–1UV-A and 1
μmol m–2sec–1UV-B (Schirmer et al., 1998b).
However, longer exposures or higher UV in-
tensity may potentially lead to an increase in
temperature.
Toxicant removal
Termination of toxicant exposures prior
to the addition of the fluorescent indicator
dyes to cell cultures must be done carefully
and consistently. Inverting plates over a catch
basin is recommended over aspiration. Re-
moval must be done rapidly but without dam-
aging cells. Viewing control cultures with an
inverted phase-contrast microscope will iden-
tify any problems. Of course, at this stage, the
loss of cells from toxicant-treated cultures can
be expected.
Fluorescent microwell plate readers
A number of manufacturers (e.g., Molec-
ular Devices, Applied Biosystems) make flu-
orescent plate readers, and likewise, microw-
ell plates are produced by several companies
(e.g., Falcon, Costar, Nunc). Although all flu-
orescent plate readers are likely suitable, the
crucial issue is to make sure the microwell
plate correctly matches the plate reader. Un-
der most circumstances, only the appropriate
settings need to be chosen, as the plate readers
have been designed to accept most plates from
various manufacturers. However, sometimes
the dimensions for a particular microwell plate
must be obtained from the manufacturer and
entered into the plate reader.
As mentioned earlier, the minimum volume
of fluorescent indicator dyes needed for accu-
rate measurement might vary for different mi-
crowell plate readers. Thus, initial experiments
should determine the most suitable volume.
Anticipated Results
Data analysis: Calculation of EC50
The raw fluorescent units resulting from the
cell viability assays are used to evaluate the
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toxicity of the chemical being tested. Cell via-
bility is expressed as a percent of non-toxicant-
exposed cells (% of control). For the highest
test concentration (in case of 24- and 48-well
plates) or for each concentration (for 96-well
plates) of toxicant, there is one well that con-
tains no cells (no cell control). Both the well
with no cells and the wells with cells are ex-
posed to the toxicant. Prior to calculating per-
cent of control, subtract the fluorescent units
(FU) for wells without cells from the experi-
mental (ex) and control (con) values with cells.
To calculate the cell viability (% of control) use
the following formula:
% of control = (FUex cells – FUex no cells) ×
100/(average [FUcon – FUcon no cells])
Data for each well of each concentration
are expressed as a percent of control. Then,
the average and standard deviation for each
concentration are calculated. These values are
used to calculate the EC50 for the toxicant.
Dose-response data typically follow a sig-
moidal relationship and can be analyzed by
nonlinear regression in most graphing soft-
ware such as SigmaPlot (Jandel Scientific) or
GraphPad Prism (GraphPad Software). The
data are fitted to the four-parameter logistic
function for continuous response data. The lo-
gistic function is:
y(d) = Ymin + (Ymax – Ymin)\{1 + exp[–g(ln
(d) – ln(EC50))]}–1
where y(d) is the % cell viability at the dose
d, Ymin is the minimum percent cell viability,
Ymax is the maximum percent cell viability, g
is a slope parameter, and EC50 is the dose that
produces 50% of cell viability.
Inasmuch as cell viability data are ex-
pressed on a 0% to 100% basis, the
four-parameter equation is simplified to a two-
parameter equation because Ymax and Ymin are
constants of 100% and 0%, respectively:
y(d) = 0% + (100% – 0%) {1 + exp[–g(ln
(d) – ln (EC50))]}–1
Interpretation of results
With each fluorescent indicator dye (ala-
mar blue, CFDA-AM, and NR), a reduction
in fluorescent unit readings in experimentally
treated cultures relative to the readings in con-
trol cultures indicates cytotoxicity or a loss
of cell viability. The use of multiple dyes has
the potential of revealing the mechanism(s)
behind the cytotoxicity. However, the results
and the interpretation can be straightforward
or complicated, depending on the toxicant un-
der study. Both a simple (Fig. 1.5.2) and a
complex example (Fig. 1.5.3) are presented.
When the dose-response curves for the
three indicator dyes are identical or very sim-
ilar for cell cultures after short exposures to
toxicants, e.g., illustrated in Figure 1.5.2 for
1,4-dimethyl naphthalene, this indicates that
the toxic mechanism is general membrane
damage, which includes impairment of or-
ganelle membranes, such as those for mito-
chondria and lysosomes, as well as the plasma
membrane. Because this loss of cell viabil-
ity occurs quickly, it has come to be known
as direct cytotoxicity, to indicate that cellular
metabolism of the toxicant is unlikely to be
involved (Schirmer et al., 1998a). The terms
ultra-fast cell death, or less preferably, necro-
sis, have been suggested for cell death that oc-
curs quickly in mammalian cell cultures in re-
sponse to strong stimuli (Blagosklonny, 2000).
Ultra-fast cell death appears before the ac-
tivation of caspase, which is a characteristic
of apoptosis (Blagosklonny, 2000). For mam-
malian cells, Blagosklonny (2000) has sug-
gested that a time frame for the development
of a decline in cell viability can be used to
distinguish ultra-fast cell death (2 to 16 hr),
apoptosis (16 to 36 hr), and slow cell death
(>36 hr). As cellular phenomena take longer
to develop in fish cells being grown at 18◦ to
22◦C than in mammalian cells at 37◦C, the
time frame for these in fish cell lines might be
increased considerably.
Alternatively, the dose-response curves
with the different indicator dyes can be unlike
one another. Several examples already have
appeared in the literature. One combination of
outcomes is a decline in cell viability as mea-
sured with alamar blue being accompanied by
little or no change in cell viability as mea-
sured with CFDA-AM. Such results have been
seen with benzo[a]pyrene (BaP) and 6, 12-BaP
quinone (Schirmer et al., 2000). As the reduc-
tion of alamar blue to a fluorescent product is
now thought to indicate cellular metabolism
rather than specifically mitochondrial activ-
ity (O’Brien et al., 2000), the results are in-
terpreted as indicating that these compounds
impair metabolism without impacting plasma
membrane integrity. Another outcome combi-
nation is that of a greater decline in cell via-
bility as measured with neutral red than in the
cell viability monitored with alamar blue and
CFDA-AM. This was seen in studies on the
photocytoxicity of acenaphthylene, acenaph-
thene, phenanthrene, fluoranthene, pyrene, an-
thracene, and benzo[g,h,i]perylene (Schirmer
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Figure 1.5.2 Effect of 1,4-dimethyl naphthalene on viability of RTgill-W1 cultures. After the
cultures had been exposed for 2 hr, cell viability was assessed with alamar blue (circles), CFDA-
AM (squares), and neutral red (triangles). Results were expressed as a percentage of the readings
in control wells exposed to L-15/ex solution with DMSO.
et al., 1998b). The interpretation of these re-
sults is that specific lysosomal damage has oc-
curred immediately after concurrent exposure
to these compounds and UV radiation, with
little or no impairment of plasma membranes
and cellular metabolism.
The CFDA-AM assay appears to moni-
tor impairment to plasma membranes, but
Figure 1.5.3A illustrates a perplexing out-
come. A decline in fluorescent readings oc-
curs at lower concentrations of 2-ethyl phenan-
threne with CFDA-AM than with alamar blue,
resulting in a lower EC50 for this toxicant. If
the CFDA-AM measures membrane integrity,
then cellular metabolism evaluated with ala-
mar blue would not be expected to continue
with little or no impairment while the integrity
of the plasma membrane has been lost. An ex-
planation can be advanced for this apparent
anomaly. When carried out as described here,
a decrease in fluorescent readings with CFDA-
AM actually measures a decline in the total es-
terase activity within a microwell cell culture.
The decrease in esterase activity with toxicant
treatment could be achieved in two general
ways: the loss of plasma membrane integrity
and/or specific inhibitory actions on cellular
esterases. In turn, the loss of plasma mem-
brane integrity could decrease culture esterase
activity in two slightly different ways. The first
of these would be the complete or partial ly-
sis of the cells upon toxicant exposure so that
the esterases are released into the medium and
lost when the medium is removed and replaced
with the CFDA-AM solution. Another possi-
ble cause for the diminution of esterase activity
is a change in plasma membrane integrity so
that cytoplasmic constituents are lost to the
medium but the esterases remain contained
within the cells, which are still attached to the
surface of the microwells. This change in the
cytoplasmic milieu would be less able to sup-
port maximal esterase activity. Alternatively,
the toxicant treatment could leave membrane
integrity unimpaired but specifically interfere
with cellular esterases, causing activity to de-
cline. Examples of this would be a toxicant
interfering with the uptake of the substrate,
CFDA-AM, across the plasma membrane, or
inhibiting the catalytic activity of the esterases.
The results in Figure 1.5.3A, in which increas-
ing 2-ethyl phenanthrene concentrations cause
a more precipitous decline in CFDA-AM read-
ings than in alamar blue readings, are likely an
example of a toxicant impairing esterase ac-
tivity rather than the plasma membrane.
Additional information into mechanisms
of toxicity can be obtained by applying the
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Figure 1.5.3 Effect of 2-ethyl phenanthrene on viability of RTgill-W1 cultures. After the cultures
had been exposed for 2 hr (A), cell viability was assessed with alamar blue (circles) and CFDA-AM
(squares). The exposure medium was replaced with complete medium and the cells were incu-
bated for an additional 24 hr (B), after which viability was reassessed with alamar blue (hexagons)
and CFDA-AM (diamonds). Results were expressed as a percentage of the readings in control
wells exposed to medium with DMSO.
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indicator dyes both immediately after termi-
nating toxicant exposure and later after a pe-
riod of potential recovery. The assays with ala-
mar blue and CFDA-AM are nontoxic and
can be applied on the same microwell cul-
tures for both time points. For the NR assay,
which requires cultures to be extracted, sepa-
rate microwell cultures must be used. Differ-
ences between dose-response curves immedi-
ately and 24 hr after toxicant exposures have
been found, suggesting impairments at specific
cellular sites and the capacity of cells to re-
pair them. For example, alamar blue readings
decreased immediately after the end of expo-
sures to BaP and 6, 12 BaP quinone, but re-
covered 24 hr later (Schirmer et al., 2000). As
the CFDA-AM readings showed no changes,
these results suggested that short exposures
to these compounds transitorily disrupted cel-
lular metabolism, although continuous expo-
sure would ultimately lead to cell death. By
contrast, when cell cultures are exposed to in-
creasing 2-ethyl phenanthrene concentrations,
rinsed 2 hr later, and evaluated for cell viability
either immediately or 24 hr later, the highest
concentrations cause some loss of cell viabil-
ity immediately after ending the exposure to
2-ethyl phenanthrene but cause a profound loss
24 hr later (Fig. 1.5.3). This suggests that dur-
ing the 2-hr exposure period at high concentra-
tions, 2-ethyl phenanthrene initiates a damag-
ing process that continues over the next 24 hr
in the absence of the test agent. Therefore, un-
der these circumstances, 2-ethyl phenanthrene
is causing irreparable cellular damage. The
damage can likely be attributed to some 2-
ethyl phenanthrene being retained within the
cells, despite the 2 hr exposure being termi-
nated, and over the next 24 hr either acting
directly but slowly or being metabolized into
more cytotoxic compounds.
The above discussion illustrates some of
the complexities that might be anticipated.
Likely, not all of the possible scenarios for cel-
lular responses to toxicants as measured with
these three indicator dyes have been described.
Several additional complicated scenarios will
likely be revealed only by examining more
compounds with these indicator dyes. For ex-
ample, under some circumstances, neutral red
readings might increase (Zhang et al., 1990;
Dayeh et al., 2009). Overall, the methods de-
scribed in this unit allow the rapid and inexpen-
sive screening of toxicants for fish cells and at
the same time give potential insight into their
mechanism(s) of toxicity. In the future, better
understanding of the cellular function(s) be-
ing monitored with each indicator dye will im-
prove their utility in identifying toxicity mech-
anisms.
Time Considerations
One must consider the time to culture the
fish-derived cell lines in preparation for expo-
sure to the toxicants. The time between sub-
culturing of the stock culture is between 7 and
14 days if a 1:2 split is used routinely. Once
the flask is confluent, the cells are transferred
to a microwell culture plate, allowing the cells
to attach and become a confluent monolayer
on the bottom of each well, which will take
∼2 to 3 days depending on the use of 24-well,
48-well, or 96-well plates. The times for expo-
sure to a toxicant can vary. Initially they might
be short, for example 2 hr, and if no change in
viability is detected, increased to 24 or 48 hr.
In some cases, exposures as long as 7 days
might be considered if a slowly developing
mechanism of toxicity is expected.
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